Abstract-Experimental models have been proven to be valuable tools to understand downstream cellular mechanisms of Traumatic Brain Injury (TBI). The models allow for reduction of confounding variables and tighter control of varying parameters. It has been recently reported that craniectomy induces pro-inflammatory responses, which therefore needs to be properly addressed given the fact that craniectomy is often considered a control procedure for experimental TBI models. The current study aims to determine whether a craniectomy induces alterations in Resting State Network (RSN) in a developmental rodent model. Functional Magnetic Resonance Imaging (fMRI) data-driven RSN show clusters of peak differences (left caudate putamen, somatosensory cortex, amygdala and piriform cortex) between craniectomy and control group, four days post-craniectomy. In addition, the Novel Object Recognition (NOR) task revealed impaired working memory in the craniectomy group. This evidence supports craniectomy-induced neurological changes which need to be carefully addressed, considering the frequent use of craniectomy as a control procedure for experimental models of TBI. cytokines [13] . Activation of proinflammatory cytokine pathways has also been shown to be caused by peripheral trauma, leading into chronic learning and memory impairments [14] . These studies, although limited, are in agreement about the possibility of alterations in cellular and circuitry pathways resulting from craniectomy procedures.
I. INTRODUCTION
Within the experimental Traumatic Brain Injury (TBI) field, debates exist over the proper choice of controls, also referred to as shams, for comparison to the injured group. To control for the effect of surgery, craniectomy procedures have largely been cited as the sham procedure in conjunction with two widely employed models of TBI, Fluid Percussion Injury (FPI) and Controlled Cortical Impact (CCI) [1] models of TBI. This sham procedure requires skin incision, skull drilling and bone flap removal. While the majority of studies report the craniectomy procedure as part of the sham injury procedure [2] - [4] , there are studies replacing it with less invasive procedures such as sham anesthesia, uni-and bi-lateral drilling without bone removal, and bone thinning sham procedures [5] - [9] .
Recent investigations on the adult rat brain report craniectomy induced cellular and motor related behavioral alterations such as upregulated expression of endothelial tyrosine kinase (Etk) [10] , PDK1-2 isoenzyme mRNA expression level enhancement [11] , altered seizure susceptibility [12] , impaired sensory and motor response in conjunction with significant increase of KC-GRO and IFN-γ cytokines [13] . Activation of proinflammatory cytokine pathways has also been shown to be caused by peripheral trauma, leading into chronic learning and memory impairments [14] . These studies, although limited, are in agreement about the possibility of alterations in cellular and circuitry pathways resulting from craniectomy procedures.
The aim of the current observational study was two-fold: 1. to determine the effect of the craniectomy procedure on the resting state brain networks when measured by low frequency fluctuations of Blood Oxygenation Level Dependent (BOLD) functional Magnetic Resonance Imaging (fMRI); and 2. To study the subsequent effects of craniectomy on cognitive performance using the Novel Object Recognition (NOR) task.
II. MATERIALS AND METHODS
Male, Sprague Dawley (SD) rat pups (postnatal age 19 days, body weight 46.3±3.7 g; Charles River, MD) were randomized into Craniectomy and Control groups (n=5/group) following the study protocol depicted in Figure 1 . All procedures performed were reviewed and approved by the University of California Los Angeles (UCLA) Chancellor's Animal Research Committee (ARC protocol number: 2014-099-11), and were in conformity with the National Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals [15] . Animals were maintained on a 12-h light/dark cycle with food and water given ad libitum.
A. Craniectomy/ Control Procedure
All rats were anesthetized with isoflurane (induction: 3-4%; maintenance: 2.5-3% vaporized in oxygen flowing at 0.61/min), maintained at 37ºC with a homeostatic temperature-controlled blanket, monitored for respiration, muscular relaxation and toe pinch response. After the head was shaved, all rats were immobilized in a stereotaxic surgical frame, and the surgical site was then prepared using aseptic technique, including three alternating preparations with betadine and alcohol. The craniectomy group received a midline incision, followed by a craniectomy (diameter: 3 carefully drilled by an experienced surgeon and under intermittent saline flush), centered +3
posterior to and -6 lateral to bregma, scalp closure, and topical antibiotic application. Control group rats received a similar level and duration anesthesia but without a skin incision and craniectomy. All rats were then transferred to a temperature-controlled recovery to a normal, awake state before being returned to their home cage.
B. Novel Object Recognition (NOR)
The Novel Object Recognition (NOR) task [16] was completed over four days beginning the day after craniectomy/ control procedure day. The task included a habituation phase (postnatal days 20, 21, and 22) when each animal is allowed to explore the test arena freely. NOR task was then followed on post-natal day 23 by first introducing the animal to two similar objects (the object memory formation phase) over a period of five minutes. The animal is then returned to their home cage for 20 minutes (the inter-trial interval). The final test phase of the task is to return the animal to the arena for five minutes after one object is replaced with a novel one, and to determine the amount of time engaged with each object. Studies have demonstrated that a healthy animal naturally shows a significantly time preference for interacting with the novel object during the test trial [17] . Object interaction was defined as the physical presence of animal to within 4 circular proximity to the object and constrained to the times when the rat snout was pointing toward the object. Times when the rat was leaning, grazing, and climbing the object (unless poking the top with snout) were excluded. Quantification of the time was determined by averaging scores from multiple rater who were blinded to the object category (old, Novel). Novel object type and placement within the arena (Figure 1.) was randomized within the study group to prevent bias.
C. Resting State Functional MRI Data Acquisition and Analysis
Upon completion of the NOR study, all rats were transferred to UCLA Brain Mapping Center to conduct imaging using a Bruker 7T spectrometer. Animals were initially anesthetized with isoflurane (3%) to allow intraperitoneally injection of 0.05 / dexmedetomidine, after which they were positioned in a Perspex cradle that enabled the head to be secured with a bite bar and ear bars. Temperature was continuously monitored and maintained at 37°± 1° (Small Animal Instruments, Inc., NY, USA2). During scanning, anesthesia was maintained using 0.5% isoflurane (vaporized in oxygen) via a nasal cone, and continuous subcutaneous injection of dexmedetomidine at the rate of 0.016
/ . The combined low dose of isoflurane and dexmedetomidine was shown to result in a stable measurement across rodent resting state functional MRI scans and with a high test-retest reliability [18] , [19] . Two dimensional anatomical images were acquired with 24 coronal slices using a Rapid Acquisition with Relaxation Enhancement method (RARE factor: 8; TE/TR: 14/6020.5 ms; flip angle: 180º; 128x128 matrix size in a 30x30 field of view; slice thickness: 0.75 ). BOLD fMRI data were acquired using a single-shot echo planar gradient recalled echo sequence over 18 coronal slices (TE/TR: 20/1000 ; 300 repetitions; 30x30 field of view encoded in 128x128 matrix; slice thickness: 1 ). Anatomical volumes were manually masked to segment brain from non-brain tissue. Brain image volumes were then registered to a digital rat brain MRI template [20] using FSL software package [21] , [22] . Affine transformation matrices were later used to align preprocessed functional image volumes to the MRI template for group-wise analysis. The preprocessing pipeline for the fMRI data was implemented in AFNI [23] , and included the removal of the first 10 volumes to include volumes at steady-state, slice time correction, movement correction, followed by General Linear Model (GLM) based deconvolution with estimated motion parameters and average Cerebrospinal fluid (CSF) signals and a second degree polynomial baseline trend. Band-pass filtering (0.01-0.1 ) was embedded within the deconvolution.
Root mean square ( 0 ) of pairwise correlation coefficients between 'th voxel and all other voxels were calculated as described in equation (1), and (2). 
where 08 presents the Pearson correlation coefficient among pairs of voxels associated with time-series 0 and 8 .
represents the number of voxels on the intersection mask computed from all rats in the analysis. Atlas-registered individual 0 connectomes were then tested for craniectomy versus group difference.
III. RESULTS AND DISCUSSIONS
Age-related weight gain was not significantly different between craniectomy and control groups for the postnatal days 19-23 (1.08±0.01 and 1.09±0.01 grams per day for craniectomy and control group, respectively). Figure 2. (a) shows sagittal and coronal group difference (craniectomycontrol contrast) maps, error-corrected for clusters of 10 voxels or more at < 0.05. No apparent morphological damage was observed following the visual inspection of group anatomical T2-weighted imaging (Figure 2. (b) ). The data shows higher synchronous low-frequency oscillation in the craniectomy group at the following regions: caudate-putamen, somatosensory cortex, amygdala, piriform cortex, and hippocampus-subiculum, all ipsilateral to the craniectomy. Molecular changes ipsilateral to the craniectomy have been previously reported [10] , [13] . One possible explanation for the observed alterations could be the prolonged effect caused by acute mechanical stress followed by chronic dural irritation caused by the bone powder after drilling [13] . Caudateputamen and amygdala are recognized for their role in stress and mood disorders [24] . Contribution of somatosensory cortex in upregulation of proinflammatory cytokines signaling [13] , [25] and the recognition of caudate-putamen and amygdala for their role in stress and mood disorders [24] could possibly explain the network alterations after craniectomy.
In addition to the circuit-based effects, memory performance in the NOR task (Figure 3. ) was also affected. Within the group "Tukey" test for difference in adjusted means (percent interaction time with Novel vs percent Interaction time with Old) showed that control animals spent greater amount of time with the novel object ( QRST.>U.V = 2.25, = 0.08), while animals with craniectomy ( QRST.>U.V = 1.03, = 0.36) did not show any preference on exploring novel object over familiar one. These observations suggest that Craniectomy induces alterations at both levels of BOLD-contrasted synchronous activation during rest and cognitive performance mirrored previous reports of craniectomy effects on molecular and circuitry pathways. Peripheral immune-related events and their remote contribution to brain function [14] , along with craniectomy induced RSN and NOR task alterations emphasize an underlying mechanism that needs be considered when designing and interpreting experimental TBI studies. Future investigations into the craniectomy effect will require a larger sample size, including a molecular pro-inflammatory study as well as electrophysiological probing of the induced alterations over various phases of brain maturation in developmental TBI models. Behavioral measures potentially related to the areas of network dysfunction would also add strength to these associations. Reported findings, when joined with recent evidence of post-TBI hyperconnectivity [27] - [30] , suggests that a precise justification needs to be accompanied prior to inclusion/exclusion of craniectomy as a control group when using experimental models of TBI.
